Aims: Bipolar disorder is characterized by behavioral changes such as risk-taking and increasing goal-directed activities, which may result from altered reward processing. Patients with bipolar disorder show impaired reward learning in situations that require the integration of reinforced feedback over time. In this study, we examined the behavioral and electrophysiological characteristics of reward learning in manic and euthymic patients with bipolar disorder using a probabilistic reward task. Methods: Twenty-four manic and 20 euthymic patients with bipolar I disorder and 24 healthy control subjects performed the probabilistic reward task. We assessed response bias (RB) as a preference for the stimulus paired with the more frequent reward and feedback-related negativity (FRN) to correct identification of the rich stimulus. Results: Both manic and euthymic patients showed significantly lower RB scores in the early learning stage (block 1) in comparison with the late learning stage (block 2 or block 3) of the task, as well as significantly lower RB scores in the early stage compared to healthy subjects. Relatively more negative FRN amplitude is elicited by no presentation of an expected reward, compared to that elicited by presentation of expected feedback. The FRN became significantly more negative from the early (block 1) to the later stages (blocks 2 and 3) in both manic and euthymic patients, but not in healthy subjects. Changes in RB scores and FRN amplitudes between blocks 2 and 3 and block 1 correlated positively in healthy controls, but correlated negatively in manic and euthymic patients. The severity of manic symptoms correlated positively with reward learning scores and negatively with the FRN. Conclusions: These findings suggest that patients with bipolar disorder during euthymic or manic states have behavioral and electrophysiological alterations in reward learning compared to healthy subjects. This dysfunctional reward processing may be related to the abnormal decision-making or altered goal-directed activities frequently seen in patients with bipolar disorder.
Introduction
Bipolar disorder is characterized by recurrent mood episodes including manic and depressive periods during the patients' lifetime. Characteristically, patients with bipolar disorder seek extremely high goals, set high expectations for success, and participate excessively in pleasurable activities and risk-taking behaviors during manic states, and show decreased interest or responses to pleasurable stimuli during depressive states [1] . Abnormal reward sensitivity, which is a dysregulation of goal-directed behaviors and motivation in response to a reward, has been observed in persons with bipolar disorder, as well as in those at risk for this disorder [2] . Therefore, alterations in goal-related and pleasurable activities in patients with bipolar disorder may be outcomes of abnormal reward processing.
Studies to date have revealed various aspects of impaired reward learning in bipolar disorder. Manic patients with bipolar disorder were more likely to make suboptimal and bad decisions for betting strategies, with an increased tendency to choose the less favorable of two response options in the Cambridge Gambling Task [3] . High sensitivity to error rate changes and frequent switches at high error rates were also observed with a two-choice prediction task in bipolar manic patients [4] . On the Iowa Gambling Task, manic and depressive patients with bipolar disorder selected more cards from the risky decks than did healthy controls [5] . Among euthymic bipolar patients, some studies using the Iowa Gambling Task showed heightened risk-taking [5, 6] , whereas others showed no differences in task performance [7, 8] . On tasks modeling behavioral adjustment to changing reward contingencies, pediatric and adult individuals with bipolar disorder have been found to exhibit decreased reward learning, even during euthymic periods [9, 10] . These results suggest that patients with bipolar disorder show a significantly diminished ability to adjust their responses to an intermittent reward. Therefore, poor probabilistic judgment in patients with bipolar disorder may be related to reward learning ability in situations requiring reward integration over time.
With event-related potentials (ERPs), we can track the precise timing of reward learning processes in bipolar disorder. Feedbackrelated negativity (FRN) has been used to monitor reward-related activity in the anterior cingulate cortex (ACC) [11, 12] . FRN, seen as a negative deflection, usually occurs 200-400 ms after feedback. FRN is thought to reflect the transmission of a dopaminergic signal arriving in the ACC, indicating that events have gone worse than expected [13] . Therefore, FRN is involved in early appraisal of feedback, showing a larger (i.e., more negative) amplitude for worse outcomes than those expected, or an attenuated (i.e., more positive) amplitude for better outcomes than those expected [14, 15] .
Learning, as one of three psychological reward components (emotion, motivation, and learning), involves predictive association and cognition of future rewards based on previous experiences [16] . Patients with bipolar disorder appear to have impaired reward learning in response to changing rewards (i.e., they might readily change their response to rewards.). Studies have found that patients with bipolar disorder are unable make an optimal decision when they do not know the exact probability of a good outcome. The probabilistic reward task is an instrument designed to evaluate reward learning by assessing response bias to two differently rewarded, ambiguous stimuli [17] .
Learning in the probabilistic reward task is expected to elicit a smaller (i.e., more positive) amplitude of FRN and greater activation of the anterior cingulate cortex upon being provided a reward for responses to rich stimuli, which increase the likelihood of a given behavioral response [18] . The probabilistic reward task uses an asymmetrical reinforce ratio to induce a response bias.
In this study, we investigated altered reward learning and related electrophysiological changes in bipolar I patients with manic or euthymic status. Using the probabilistic reward task, we measured the degree of response bias toward the more frequently rewarded stimulus as the extent to which behavior is modulated by reinforcement history [17] . As electrophysiological correlates of reward learning, we measured the amplitude of FRN elicited by reward feedback delivered after correct identification of the rich stimuli [18] . As previously reported, patients with bipolar disorder demonstrate cognitive impairments in the euthymic and manic phases, suggesting trait-related impairments [19] . Additionally, euthymic bipolar patients have been found to show dysfunctional reward learning in a probabilistic reward task, which is characterized by reduced acquisition of response bias in situations requiring reward information integration over time [10] . We hypothesized that patients with bipolar disorder would show altered reward learning both behaviorally and neurophysiologically, observable as reduced response bias and more negative FRN amplitude during manic and euthymic phases.
Materials and Methods

Participants
Twenty-four manic and twenty euthymic patients with bipolar I disorder were recruited from the inpatients and outpatients of the Severance Mental Health Hospital of Yonsei University Health System. Diagnostic work-ups for bipolar disorder were performed according to the criteria of the Diagnostic and Statistical Manual of Mental Disorder, 4th edition. Diagnoses of bipolar disorder were assessed by the Mini-International Neuropsychiatric Interview (MINI) [20] . Diagnostic work-ups were performed by two psychiatrists (R.Y.H. and H.S.C). Patients with other psychiatric illnesses such as schizoaffective disorder, severe personality disorder, recent substance abuse or dependence, rapid cycling bipolar disorder, history of closed head injury, mental retardation, neurological disorders, or any other current axis I disorder were excluded. For healthy control subjects, we posted a recruitment notice on a website and selected 24 healthy subjects, sex-and age-matched with the patient groups. We also performed diagnostic work-ups for healthy controls using the MINI. These healthy volunteers had no history of bipolar disorder, schizophrenia, or other psychiatric illnesses and did not show any mood or thought symptoms during the interviews. All subjects were right-handed as indicated by the Annett's handedness questionnaire [21] . Participants received 30,000 Won (approximately $30) for participating in the study, plus 10,000 Won (approximately $10) for performing the task. Written informed consent was obtained from all participants with adequate understanding. This study was approved by the Institutional Review Board of Severance Mental Health Hospital and was conducted in accordance with the Declaration of Helsinki.
Twenty-four patients in the manic group were taking antipsychotics ( Table 1 ). The average doses of lithium were 1050 AE 141 mg in manic patients and 964 AE 118 mg in euthymic patients. The average doses of valproate were 1210 AE 192 mg in the manic patients and 996 AE 246 mg in the euthymic patients.
Clinical Assessment
We interviewed participants to assess their demographics including age, sex, and educational level. The YMRS, which is an 11-item scale designed to measure the severity of manic symptoms (Cronbach's alpha: 0.66-0.92) [22] , MADRS, which is a 10-item scale used to measure depressive symptom severity (Cronbach's alpha: 0.84) [23] , and the State-Trait Anxiety Inventory (STAI), which comprises 40 self-report items for measuring levels of state anxiety and trait anxiety (Cronbach's alpha: 0.86-0.95) [24] , were utilized in this study. The Cronbach's alpha values in this study were 0.85 for YMRS, 0.74 for MADRS, and 0.92 for STAI.
Tasks
Participants performed the probabilistic reward task [17] ; permission to use this task in our study was obtained from Dr. Diego Pizzagalli through personal communication. This task consisted of three blocks, with 100 trials for each block. Each block was referred to as block 1 (trials 1-100), block 2 (trials 101-200), or block 3 (trials 201-300). Participants were instructed to focus on the cross-sign in the center of the screen. Participants viewed a schematic mouthless face for 500 ms, followed by the presentation of this face with either a short mouth or long mouth for 1000 ms. The ambiguous mouth stimulus was shown for a short duration, after which the participants were asked whether the length of the mouth was short or long. The length of long mouth was 13 mm and the short mouth was 11.5 mm. The two stimuli are presented with equal frequency. During the task, participants were not rewarded for all correct responses. The participants were informed that the task goal was to win as much money as possible and that they would earn money based on their performance. For each block, only 40 correct responses were followed by positive feedback. They were rewarded for some of their correct responses with a message "Correct!! You won 100 Won." The probability of the reward for the correct response was 3 of 5 for the rich stimulus and 1 of 5 for the lean stimulus. Participants were explicitly informed that they would not receive reward feedback for all correct responses. The detailed description of the task was previously published [10, 17] .
Behavioral Data for Reward Learning
The main variable for behavioral data was response bias (RB) during the probabilistic reward task performed during the ERP recording. RB, the preference for identifying the stimulus paired with the more frequent reward, was calculated using the following formula [17, 25, 26] :
The value of 0.5 was added to every cell of the detection matrix to allow the calculation of RB in case of a zero in one cell of the formula. RB increases when participants make more choices of rewarded (rich) stimuli in cases of correct rich stimuli and incorrect lean stimuli. If a subject shows a high number of correct identifications for the rich stimuli and a low number of correct identifications for the lean stimulus, the response bias will be higher in score. Positive reinforcement produces preference for more frequently rewarded stimuli as the task is executed. Therefore, RB may be an index of reward learning modulated by positive reinforcement [10, 17] .
Electrophysiological Recordings and Analyses
The electroencephalograms (EEGs) were recorded continuously using a 64-channel Neuroscan system (SynAmpsII) with an AgCl lead cap according to the international 10/10 system, with 0.05 and 100 Hz band-pass filters and a sampling rate of 1000 Hz/ channel. The impedance of all channels was kept below 5kΩ. The recordings were referenced to linked electrodes placed on the left and right mastoid processes. Eye blinks and movements were monitored by electrodes placed near the outer canthus and beneath the left eye. Recording procedures were performed in a dimly lit, quiet, and electrically shielded EEG room. Subjects were seated in a comfortable reclining chair at an eye distance of 50 cm from the computer monitor (visual angle of 9°9 12°). Subjects were instructed to concentrate on the center of the monitor and to avoid eye-blinking as much as possible. Each subject's performance was monitored by closed-circuit camera, and subjects were not sleepy during the experiments.
EEG analysis was carried out on an off-line basis. Gross movement artifacts on EEG were removed by inspection. The EEG was amplified by a 0.1-30 Hz band-pass filter. To control for eye movement artifacts, trials were adjusted by regression from electro-oculograms [27] . Artifacts were rejected automatically if their amplitude exceeded AE50 uV. The minimal number of ERP epochs was 20. A low-pass filter at 8.5 Hz was used to remove muscular movement, noise, and alpha-wave activity. EEG epochs were extracted beginning 200 ms before and ending 600 ms after stimulus presentation. Epochs were included in the analysis of cases in which correct responses were provided to richly rewarded stimuli. A preresponse baseline between À200 ms and 0 ms was used for all ERP components. We measured FRN amplitude at electrodes F z and FC z , where FRN has been reported to be maximal [11, 12, 28] . FRN was identified with the definition of the most negative peak 200-400 ms after reward feedback following the correct identification of the rich stimulus. 
Statistical Analyses
Behavioral data were analyzed by mixed analysis of variance (ANOVA) to assess effects of blocks (RB of three blocks, block 1 vs. block 2 vs. block 3) and groups (manic and euthymic patients and healthy controls), as analyzed by Pizzagalli et al. [10] . FRN amplitudes were collapsed across F z and FC z electrodes and were analyzed by mixed ANOVA to assess the effects of groups and blocks. The FRN was also collapsed across block 2 and block 3 and analyzed according to the learning phase (early [block 1] vs. late [blocks 2 and 3]), as analyzed by Santesso et al. [18] . Significant findings were further analyzed using post hoc Newman-Keuls tests. Greenhouse-Geisser corrections for nonsphericity were applied. Pairwise comparisons for the response bias in each block were performed using one-way ANOVA with post hoc analysis of Bonferroni corrections. SPSS version 17.0 was used for statistical analyses. We also calculated Pearson's correlation coefficient between FRN amplitude changes, reward learning (RB scores in blocks 2 and 3-RB scores in block 1), and symptom severity.
Results
Demographic characteristics of the two patient groups and the control group are presented in Table 1 . There were no significant differences between the groups with regard to age, sex, IQ, or education level. The Young's Mania Rating Scale (YMRS score was 13.0 AE 10.1 in manic patients and 2.0 AE 1.6 in euthymic patients. The Montgomery-Asberg Depression Rating Scale (MADRS) score was 4.8 AE 3.0 in manic patients and 2.40 AE 3.30 in euthymic patients.
Response Bias
A two-way group 9 block ANOVA revealed a significant effect of block (F(2,130) = 6.22, P = 0.005), in which the RB of block 1 was lower than that of block 3 (block 1 vs. block 3, P < 0.001; block 1 vs. block 2, P = 0.10; block 2 vs. block 3, P = 0.11).There were no main effect of groups (F(2,65) = 0.71, P = 0.50). There was a significant interaction of group x block (F(4,130) = 2.47, P = 0.05). We explored this interaction in two ways.
First, we assessed differences in RB among the blocks within each group separately. Within-group analysis revealed significantly lower RB in block 1 compared to block 3 in euthymic patients (F(2,38) = 7.39, P = 0.002; block 1 vs. block 2, P = 0.08; block 1 vs. block 3, P = 0.001; block 2 vs. block 3, P = 0.06, Newman-Keuls test; RB scores: 0.46 AE 0.16 in block 1, 0.13 AE 0.16 in block 2, 0.21 AE 0.13 in block 3) and significantly lower RB in block 1 compared to block 2 and block 3 in manic patients (F(2,46) = 10.42, P = 0.001; block 1 vs. block 2, P = 0.01; block 1 vs. block 3, P < 0.001; block 2 vs. block 3, P = 0.56; RB scores: 0.47 AE 0. Second, we assessed group effects in each block separately. In block 1, ANOVA revealed that the RB scores of control subjects were higher than those of the two patient groups (F(2,67) = 4.11, P = 0.02; euthymic vs. control, P = 0.02; manic vs. control, P = 0.01; euthymic vs. manic, P = 0.99). There were no significant differences among the three groups in block 2 (F(2,67) = 0.22, P = 0.80) and block 3 (F(2,67) = 0.14, P = 0.87; Figure 1 ).
The ANOVA revealed significant group differences of a higher probability of a rich miss in euthymic and manic bipolar patients than in healthy controls in one of the four experimental conditions: when a rich trial was preceded by a rewarded lean stimulus (F(2,67) = 4.83, P = 0.01; Figure 2 ).
There were no significant differences in discriminability (F(2,130) = 2.38, P = 0.10), hit rate (F(2,130) = 0.87, P = 0.41), and response time (F(2,130) = 1.89, P = 0.16).
The Amplitude of FRN
Grand averages of FRN are shown in Figure 2 . Two-way ANOVA for group x block revealed a significant effect of block (F (1,65) = 13.79, P < 0.001), in which the collapsed FRN amplitude at F z and FC z electrodes of block 1 was more positive than that of blocks 2 and 3. There was no main effect of group (F(2,65) = 0.14, P = 0.87). There was a significant interaction of group 9 block (F(2,65) = 11.50, P < 0.001; Figure 1 ). We explored this interaction in two ways.
Within-group analyses revealed significantly more positive amplitude in block 1 than in blocks 2 and 3 in euthymic patients (2.02 AE 1.77 lV in block 1, 0.30 AE 2.81 lV in blocks 2 and 3; P < 0.001, Newman-Keuls test), and more positive amplitude in block 1 than blocks 2 and 3 in manic patients (2.29 AE 3.70 lV in block 1, 0.21 AE 3.63 lV in blocks 2 and 3, P < 0.001, Newman-Keuls test), but not in healthy controls (F(1,23) = 2.24, P = 0.15; 0.47 AE 1.40 lV in block 1, 2.15 AE 3.18 lV in blocks 2 and 3). Between-group comparisons in each block revealed that FRN amplitudes of healthy controls were more negative than those of manic and euthymic patients in block 1 (F(2,67) = 3.51, P = 0.04; euthymic vs. control, P = 0.05; manic vs. control, P = 0.02; euthymic vs. manic, P = 0.73). There were no differences among the groups in blocks 2 and 3 (F(2.67) = 0.74, P = 0.48; Figure 1 ).
Correlations among Behavioral and ERP Data and Clinical Symptoms
Reward learning which was calculated by the RB difference between blocks 2 and 3 and block 1 was positively correlated with the difference of collapsed FRN amplitude at F z and FC z electrodes between blocks 2 and 3 and block 1 in healthy controls (r = 0.49, P = 0.02). On the other hand, euthymic and manic patients showed significant negative correlation between reward learning scores and FRN amplitude differences (r = À0.35, P = 0.02; Figure 3 ). Significant positive correlation was found between the reward learning score and YMRS score in manic and euthymic patients (Pearson's coefficient = 0.31, P = 0.04). FRN amplitude differences between blocks 2 and 3 and block 1 were negatively correlated with YMRS scores (Pearson's coefficient = À0.50, P = 0.001). There was no significant correlation between MADRS and RB (r = 0. FRN amplitude differences in the patient groups (r = À0.16, P = 0.29; Figure 4 ).
Probability of Missing Rich Stimuli after a Preceding Reward
We discovered significant group differences in the probability of a rich miss among euthymic patients, manic patients, and healthy controls (F(2,67) = 4.84, P = 0.01). Post hoc analyses revealed significant differences between manic patients and healthy controls (22.3 AE 17.6% [manic] vs. 10.8 AE 4.75% [control], P = 0.01) and between euthymic patients and healthy controls (20.4 AE 15.3% [euthymic] vs. 10.8 AE 4.75% [control], P = 0.01) in the probability of missing rich stimuli after a preceding lean reward. Also, no group differences were identified in the probability of rich miss preceded by a rewarded rich stimuli or nonrewarded rich and lean stimuli.
Discussions
In this study, we investigated the characteristics of reward learning in manic and euthymic patients with bipolar I disorder using a probabilistic reward task. Both patient groups showed significantly lower RB in the early learning stage (block 1) in comparison with the late learning stage (block 2 or block 3) and demonstrated lower RB in the early stage compared to healthy control groups. FRNs became more negative from the early (block 1) to the later stages (blocks 2 and 3) of the task in both manic and euthymic patients, but not in healthy subjects. Both patients showed more positive FRNs in only block 1 compared to healthy controls. These findings suggest that patients with bipolar disorder, even in the euthymic state, have impaired reward learning and integration of the repetitive reinforcement pattern of the task at behavioral and electrophysiological levels. To our knowledge, this is the first study to examine probabilistic reward learning and its related ERPs in bipolar I patients with different mood states of mania and euthymia. Consistent with previous findings in euthymic and symptomatic bipolar patients using the probabilistic reward task [10] , the current study showed that both manic and euthymic patients have decreased and delayed learning of the RB toward more frequently rewarded stimuli. As for FRNs, the patterns of change according to learning stage observed in our patients and healthy controls were similar to those observed in nonlearners and learners, respectively, in the study of healthy adults [18] . In addition, a positive correlation was observed in healthy controls between the differences over time in RB and FRN in the current study. This correlation may support the amplitude change in FRN as a potential marker of reward learning. However, patients with bipolar disorder had a negative correlation between RB and FRN differences over time. In other words, as learning progresses, FRN, induced by feedback, becomes smaller (i.e., more positive) in healthy people whereas the FRN becomes larger (i.e., more negative) in patients with bipolar disorder.
These findings suggest that patients with bipolar disorder have impaired functions of their FRN-related neuroanatomical and neurochemical systems, which are associated with the process of reward learning in healthy subjects. The FRN is generated in the ACC [11, 12, 29] and medial prefrontal cortex [30, 31] . Recent reports strongly support the potential roles of these brain areas in affective regulation and emotional or reward processing and show its decreased activity or functional connectivity in bipolar disorder [32] [33] [34] . Even during euthymic status in patients with bipolar disorder, reward-related stimuli induced abnormal activity in the orbitofrontal area and ventral striatum [35, 36] , which are densely connected to the ACC [37, 38] . This altered neural function may be associated with abnormal reward learning and FRN amplitudes.
As for the neurochemical aspects, it has been assumed that FRN-associated neuronal cells are usually regulated by dopamine neuron firing [39] . Recently, a relationship was observed between a specific dopaminergic gene variant (e.g., COMT val158Met) and FRN [40, 41] . There are also well-replicated reports on the association of COMT val158met with reward learning measured by a probabilistic reward task [42, 43] . The hyperdopaminergic state elicited by the reduced function of the dopamine transporter mimicked the abnormal behaviors of manic patients [44] and caused poor reward-based decision-making in mice [45] . Furthermore, increased dopaminergic activity with the dopamine agonist pramipexole caused impairment of reward-based learning on the Iowa Gambling Task in euthymic patients with bipolar disorder [46] . As shown in the correlation between symptom severity and FRNs in this study, the more severe the manic symptoms, the more negative the pattern of FRN changes during the learning process. This interesting result might be indirect evidence of a role for dopamine in reward learning. Taken together, these neuroanatomical and chemical findings support the abnormal FRNs observed in patients with bipolar disorder in the current study.
In bipolar disorder, impulsivity and risk-taking appear to be associated with altered activity of the prefrontal cortices and ventral striatum in response to rewards [47] . Despite increased elevation during the manic state, increased impulsivity and impulsive
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Euthymic and manic patients Figure 4 Correlations between RB score differences (RB score in blocks 2 and 3-RB score in block 1) and FRN amplitude differences (blocks 2 and 3-block 1) (RB, response bias; FRN, feedback-related negativity).
and risky decision-making are found in euthymic and symptomatic states in the course of illness [48, 49] and may be a vulnerability marker for bipolar disorder [50] . Therefore, the behavioral and electrophysiological alteration of reward learning observed in manic and euthymic states may be trait abnormalities.
Compared to healthy persons, bipolar manic and euthymic patients exhibited significantly higher probabilities of a rich miss when a rich trial was preceded by rewarded lean stimuli. In a previous study of patients with bipolar disorder, an increased miss rate of a rich stimulus was also found immediately after a rewarded lean stimulus [10] . This finding might reflect potential mechanisms linked to the delayed acquisition of response bias in patients with bipolar disorder.
This study does have limitations. First, although our study recruited more participants than were included in previous studies using the probabilistic reward task [10, 18] , the sample size was relatively small. Second, we did not control the use of psychotropic drugs. One study reported an effect of olanzapine on reward-related brain activation in healthy subjects [29] . In the current study, the chlorpromazine equivalent dose was not significantly correlated with RB scores (P values: 0.66-0.84) and FRN amplitudes (P values: 0.21-0.87) in each block. In the current study, the chlorpromazine equivalent dose was not significantly correlated with RB scores (P values: 0.66-0.84) and FRN amplitudes (P values: 0.21-0.87) in each block. No significant difference was found between the lithium and divalproex groups in RB scores (P values: 0.49-0.76) and FRN amplitudes (P values: 0.41-0.87) in each block. There were no group differences in using mood stabilizers (lithium vs. valproate, v 2 = 0.21, P = 0.76). However, we cannot completely rule out the potential effects of psychotropic medications. Third, we did not consider smoking effects on the reward learning, although smoking status and cravings may modulate reward learning [51, 52] . Overall, we report evidence that bipolar I patients, during both normothymic and manic states, have behavioral and electrophysiological alterations in reward learning compared to healthy subjects. This dysfunctional reward processing may be related to the abnormal decision-making or altered goal-directed activities frequently seen in bipolar disorder subjects.
